Introduction
============

Vitamin K-dependent (VKD) carboxylation is a post-translational modification that converts specific glutamate residues (Glu) to gamma-carboxyglutamate residues (Gla) in VKD proteins. It is essential for the biological function of proteins that control blood coagulation, vascular calcification, bone metabolism, and other important physiological processes.^[@b1-1052164]^ Carboxylation has mostly been associated with coagulation, since it was originally observed in the clotting factor, prothrombin (PT).^[@b2-1052164]^ Defects of VKD carboxylation have long been known to cause bleeding disorders.^[@b3-1052164]^ There are two types of coagulation factors, one is procoagulant proteins which include PT, FVII, FIX, and FX. The other is anticoagulant proteins which include PC, PS, and PZ. The biological functions of these clotting factors require 9-13 Glu residues at the N-terminus of the mature protein (referred to as the Gla domain) to be properly modified by VKD carboxylation.

Carboxylation is catalyzed by an integral membrane protein gamma-glutamyl carboxylase (GGCX), which utilizes the reduced form of vitamin K, carbon dioxide, and oxygen as co-factors. This modification involves the subtraction of the gamma-hydrogen from the Glu residue followed by the addition of a carbon dioxide (carboxyl group). Simultaneously, reduced vitamin K is oxidized to vitamin K epoxide to provide the energy required for the carboxylation reaction. The enzymatic activity of GGCX was first discovered in the 1970s, showing that radioactive ^14^CO~2~ was incorporated into PT in rats, and that the amount incorporated was dependent upon the administration of vitamin K.^[@b4-1052164]^ Two decades later, the GGCX gene was cloned^[@b5-1052164]^ and the enzyme was purified^[@b6-1052164]^ by our laboratory, making it possible to study GGCX function at the molecular level.

Gamma-glutamyl carboxylase recognizes its protein substrate by binding tightly to the propeptide of the substrate, which tethers the substrate to the enzyme.^[@b7-1052164]^ The Glu residues within the Gla domain of the substrate protein are progressively modified so that multiple carboxylation reactions occur during a single enzyme and substrate binding event.^[@b8-1052164]^ In addition, binding of the propeptide to GGCX has been shown to significantly stimulate the activity of the enzyme toward non-covalently linked Glu-containing substrates.^[@b9-1052164],[@b10-1052164]^ The propeptide of most VKD proteins is located at the N-terminus of the precursor protein that is proteolytically removed after carboxylation to form the mature protein. Notably, a propeptide can also be found at the C-terminus of the precursor protein^[@b11-1052164]^ or even within the mature VKD protein.^[@b12-1052164]^ Removal of the propeptide from the precursor of coagulation factors abolishes their carboxylation,^[@b7-1052164],[@b13-1052164]^ suggesting the pivotal role of the propeptide for carboxylation. Nevertheless, the propeptide of osteocalcin (or referred to as bone Gla protein, BGP) appears to be unnecessary for its carboxylation.^[@b14-1052164]^ Moreover, high-affinity binding sites within the mature BGP were identified, which appeared to bind to GGCX through a different binding site to the propeptide binding site.^[@b15-1052164]^

Propeptides of coagulation factors are essential for the carboxylation of precursor proteins. These propeptide sequences are highly conserved, especially at residues −16, −10, −6, −4, and −1. It has been proposed that the N-terminal sequence of the propeptide is necessary for GGCX recognition, while the C-terminal sequence is required for propeptidase recognition.^[@b13-1052164]^ Despite the high sequence conservation, in an *in vitro* study, the apparent affinities of the coagulation factors' propeptide for GGCX varied over 100-fold.^[@b16-1052164]^ Nevertheless, these coagulation factors appear to be fully carboxylated in physiological conditions. It has been shown that replacing FX propeptide with a reduced affinity propeptide (PT's propeptide) enhanced the carboxylation of FX, which presumably increased substrate turnover.^[@b17-1052164]^ However, a similar strategy of replacing FIX propeptide failed to increase the carboxylation efficiency of FIX,^[@b18-1052164]^ although the reason for this discrepancy remains unclear.

It is worth noting that most of our knowledge of GGCX function and its interaction with natural protein substrates was obtained from *in vitro* studies carried out under artificial conditions using the pentapeptide FLEEL as the substrate.^[@b19-1052164]^ Consequently, we do not know how GGCX carboxylates natural VKD proteins in their native milieu.

Here, we studied the carboxylation of coagulation factors in a cellular environment with different chimeric reporter-proteins using our recently established cell-based assay.^[@b20-1052164]^ We compared the contribution of the propeptide, the Gla domain, and the C-terminal functional domain of the coagulation factor to its carboxylation. In addition, we examined the effect of naturally occurring mutations in the propeptide on the coagulation factor's carboxylation to gain an insight into the corresponding phenotype of warfarin hypersensitivity. Our results confirmed the pivotal role of the propeptide in coagulation factor carboxylation and interpreted the clinical phenotype of the hypersensitivity of warfarin during anticoagulation therapy.

Methods
=======

Materials and cell lines
------------------------

The mammalian expression vector pcDNA3.1Hygro(+), mouse anti-carboxylated BGP monoclonal antibody, Alexa Fluor-488 conjugated donkey anti-mouse IgG, Alexa Fluor-568 conjugated donkey anti-sheep IgG, and Hoechst 33342 were from ThermoFisher Scientific (Waltham, MA, USA). The fluorescent protein-tagged marker proteins of the endoplasmic reticulum (ER) (mCherry-Sec61-N-18) and Golgi apparatus (pmScarlet_Giantin_C1) were gifts from Dr. Michael Davidson (Addgene plasmid \# 55130) and Dr. Dorus Gadella (Addgene plasmid \# 85048), respectively. The Ca^2+^-dependent monoclonal antibody to carboxylated Gla domain of PC (PCgla) was a gift from Dr. Paul Bajaj (University of California, Los Angeles, CA, USA).^[@b21-1052164]^ The horseradish peroxidase-conjugated goat anti-mouse IgG was from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA, USA). The monoclonal antibody against Gla residues was from Sekisui Diagnostics LLC (Stamford, CT, USA). The HEK293 and COS-7 cell lines were from ATCC (Manassas, VA, USA).

DNA manipulations and plasmid constructions
-------------------------------------------

The pcDNA3.1Hygro(+) vector, with the cDNA of FIXgla-PC (PC with its Gla domain exchanged with that of FIX) cloned onto the XbaI site, was used as the cloning and expression vector, as previously described.^[@b20-1052164]^ All other chimeric reporter-proteins, with the different propeptides and/or Gla domains used in this study, were obtained by overlap polymerase chain reaction (PCR). Replacement of FIX epidermal growth factor (EGF) domain and the following domains with cell organelle marker proteins was performed by PCR. The nucleotide sequences of all constructs were verified by DNA sequencing at Eton Bioscience Inc. (RTP, NC, USA).

Reporter-protein carboxylation in HEK293 cells
----------------------------------------------

The efficiency of reporter-protein (FIXgla-PC) carboxylation was determined in HEK293 cells, as previously described.^[@b20-1052164]^ For the warfarin resistance study, HEK293 cells stably expressing the corresponding mutant reporter-protein were cultured in complete medium containing 20 nM vitamin K with increasing concentrations of warfarin. The cell culture medium was collected 48 hours (h) later and used for the sandwich-based ELISA to determine the level of carboxylated reporter-proteins.^[@b20-1052164]^ For the BGP-PC reporter-protein (PC with its Gla domain replaced by BGP) detection, sheep anti-human PC IgG was used as the capture antibody, and mouse anti-carboxylated BGP antibody was used as the detection antibody. Experimental data were analyzed using GraphPad Prism.

To purify carboxylated chimeric reporter-proteins for use as a standard for ELISA, different chimeric proteins were stably expressed in HEK293/VKOR cells (HEK293 cells over-expressing VKOR). Carboxylated reporter-proteins were purified from the collected medium using 2-step chromatography, as previously described.^[@b17-1052164]^ Protein concentrations were quantified using the BCA protein assay kit.

Immunofluorescence confocal imaging
-----------------------------------

The subcellular localization of reporter-proteins were examined by immunofluorescence confocal imaging, as previously described.^[@b22-1052164]^ To examine the effect of the propeptide on reporter-protein carboxylation, different propeptide attached reporter-protein fusions were transiently expressed in COS-7 cells on cover-slips. For the localization of carboxylated reporter-proteins at different cell organelles, fluorescent protein-tagged cell organelle marker protein fusions, and the corresponding marker protein fused with FIXgla, were transiently co-expressed in COS-7 cells. Transfected cells were cultured with 11 μM vitamin K for 48 h, fixed with 4% paraformaldehyde, permeabilized with 0.20% Triton X-100, and immuno-stained with corresponding antibodies. The cell nuclei were stained with 2 μM Hoechst 33342.

Results
=======

Contribution of the propeptide to coagulation factor carboxylation
------------------------------------------------------------------

To explore the role of the propeptide on coagulation factor carboxylation in a cellular milieu, we used our recently established mammalian cell-based assay.^[@b20-1052164]^ Propeptides with different affinities for GGCX ([Figure 1A](#f1-1052164){ref-type="fig"}) were fused to the N-terminus of the chimeric reporter-protein FIXgla-PC ([Figure 1C](#f1-1052164){ref-type="fig"}). These chimeric fusion proteins were transiently expressed in HEK293 cells, and the efficiency of their carboxylation was determined by ELISA.^[@b20-1052164]^ We selected propeptides of FX, FIX, PC, and BGP for this study. Results from our cell-based study show that BGP propeptide cannot direct reporter-protein carboxylation ([Figure 1B](#f1-1052164){ref-type="fig"}), which agrees with results from *in vitro* studies.^[@b14-1052164]--[@b16-1052164]^ In addition, FIX propeptide is the most efficient propeptide for reporter-protein carboxylation, which is approximately 10-fold higher than that of FX propeptide and 2.5-fold higher than PC propeptide. However, this cell-based result of carboxylation of propeptide attached protein substrate is different from the previous *in vitro* study showing that all of the propeptides stimulated carboxylation of the non-covalently linked substrate to a similar extent.^[@b23-1052164]^

![Effect of propeptides on coagulation factor carboxylation. (A) Sequence alignment of propeptides of vitamin K-dependent (VKD) coagulation factors and bone Gla protein (BGP), and their relative K*d* values for gamma-glutamyl carboxylase (GGCX). Highly conserved residues are indicated by bold letters. The *Kd* values of different propeptides (adapted from Higgins-Gruber *et al*.^[@b23-1052164]^) are a relative measure of propeptides' affinity for GGCX. The underlined *Kd* values correspond to the propeptides used in this study. (B) Carboxylation efficiency of the reporter-protein in HEK293 cells as directed by different propeptides. Reporter-proteins with different propeptides were transiently expressed in HEK293 cells, and the transfected cells were cultured in complete medium containing 11 μM vitamin K. The carboxylated reporter-protein in the cell culture medium was determined by ELISA.(C) Domain structure of the reporter-protein, factor IX gla-protein C (FIXgla-PC), with different propeptides. The propeptide is proteolytically removed after carboxylation to form the mature protein. (D) Expression of uncarboxylated reporter-proteins with different propeptides as in (B). Reporter-proteins were transiently expressed in HEK293 cells and the transfected cells were incubated in complete medium containing 5 μM warfarin. The total amount of uncarboxylated reporter-protein in the cell culture medium was determined by ELISA.](1052164.fig1){#f1-1052164}

To confirm that the significantly decreased production of carboxylated reporter-proteins, directed by the propeptides of FX and BGP, was not due to the effect of the propeptide on reporter-protein expression, we determined the expression levels of the reporter-proteins in cell culture medium without carboxylation by feeding the cells with warfarin. The reporter-protein has similar expression levels when fused to different coagulation factor propeptides (FX, FIX, and PC) ([Figure 1D](#f1-1052164){ref-type="fig"}). However, a significant amount of uncarboxylated reporter-protein was produced when BGP propeptide was used. Nevertheless, these results suggest that the significant difference in reporter-protein carboxylation, when fused to different propeptides ([Figure 1B](#f1-1052164){ref-type="fig"}), is not due to the effect of the propeptide on reporter-protein expression, but rather to its carboxylation.

The unaffected expression and non-carboxylation characteristics of the reporter-protein, when fused to BGP propeptide, were confirmed further by immunofluorescence confocal imaging ([Figure 2](#f2-1052164){ref-type="fig"}). The reporter-protein (fused with either a FIX or BGP propeptide) was properly synthesized and directed to the ER ([Figure 2](#f2-1052164){ref-type="fig"}, red images, total reporter-protein), but only the fusion with FIX propeptide was properly carboxylated ([Figure 2](#f2-1052164){ref-type="fig"}, green image, carboxylated reporter-protein). The location of the carboxylated reporter-protein appears to be in both the ER and Golgi apparatus, which is consistent with previous observations.^[@b24-1052164]^ Together, these results suggest that the propeptide plays an essential role in coagulation factor carboxylation.

![Localization of reporter-proteins by immunofluorescence confocal imaging. The reporter-protein factor IX gla-protein C (FIXgla-PC) with the propeptide of FIX or bone Gla protein (BGP) was transiently expressed in COS-7 cells. The transfected cells were cultured with complete medium containing 11 μM vitamin K. The carboxylated reporter-protein (carboxylated PC) was immuno-stained by the mouse anti-carboxylated FIXgla monoclonal antibody as the primary antibody, and Alexa Fluor-488 conjugated donkey anti-mouse IgG as the secondary antibody (green image). The total reporter-protein (PC) was probed by the sheep anti-PC polyclonal antibody as the primary antibody and the Alexa Fluor-568 conjugated donkey anti-sheep IgG as the secondary antibody (red image). The cell nucleus was stained by Hoechst 33342 (blue image).](1052164.fig2){#f2-1052164}

The entire N-terminal sequence of the propeptide determines the efficiency of coagulation factor's carboxylation
----------------------------------------------------------------------------------------------------------------

The alanine residue at −10 and leucine residue at −6 of the coagulation factor propeptide are highly conserved ([Figure 1A](#f1-1052164){ref-type="fig"}). However, BGP propeptide has a glycine at −10 and valine at −6. The *in vitro* study shows that substituting alanine for glycine at −10 (G-10A) in BGP propeptide increased its affinity for GGCX 45-fold, and substituting leucine for valine at −6 (V-6L) increased its affinity approximately 100-fold.^[@b25-1052164]^ When both G-10A and V-6L are mutated in BGP propeptide, its apparent affinity for GGCX is similar to that of FIX propeptide. To examine how these mutations affect carboxylation efficiency *in vivo*, we made the same BGP propeptide substitutions in the chimeric reporter-protein of FIXgla-PC ([Figure 1C](#f1-1052164){ref-type="fig"}) and examined their effect on reporter-protein carboxylation in HEK293 cells. The V-6L mutant increased reporter-protein carboxylation approximately 20-fold and the G-10A mutant increased reporter-protein carboxylation approximately 7-fold ([Figure 3A](#f3-1052164){ref-type="fig"}). Mutating both residues increased reporter-protein carboxylation approximately 23-fold, a carboxylation efficiency close to that of FIX propeptide. These results, consistent with our previous *in vitro* study,^[@b25-1052164]^ suggest that the conserved residues at positions −6 and −10 in the propeptide are essential for its binding to GGCX and for substrate carboxylation.

![Contribution of propeptide's conserved and non-conserved residues to reporter-protein carboxylation. Effect of conserved residues at −6 and −10 of the propeptide of bone Gla protein (BGP) (A) and factor X (FX) (C) on the carboxylation of reporter-proteins as evaluated by cell-based assay. Chimeric reporter-proteins with wild-type or mutant propeptides were transiently expressed in HEK293 cells and the carboxylated reporter-protein was determined by ELISA, as described in B. (B) Propeptide sequence of FX and the replacement of part of its sequence with that of protein C (PC) (highlighted in red). Highly conserved residues are highlighted in yellow. (D) Carboxylation of the reporter-protein directed by chimeric propeptide sequences of FX and PC as indicated in (B).](1052164.fig3){#f3-1052164}

Factor X propeptide is the tightest binding propeptide of the coagulation factors, and carboxylation of FX has a slow turnover rate. Based on these observations and the above result ([Figure 3A](#f3-1052164){ref-type="fig"}), we replaced the conserved residues of FX propeptide at −10 or −6 to that of the BGP in the chimeric reporter-protein of FIXgla-PC. We assumed these replacements would decrease the affinity of FX propeptide for GGCX and therefore increase the turnover rate of reporter-protein carboxylation. Unexpectedly, our results show that neither the single mutation (L-6V or A-10G) nor the double mutation (L-6V/A-10G) increased reporter-protein carboxylation ([Figure 3C](#f3-1052164){ref-type="fig"}), suggesting that the non-conserved residues of the coagulation factor's propeptide play a role in GGCX's binding and substrate carboxylation.

To explore the contribution of the propeptide's non-conserved residues to carboxylation, we replaced FX propeptide sequence between −11 and −18 with that of PC (FX/PC1) ([Figure 3B](#f3-1052164){ref-type="fig"}), a propeptide that has approximately 90-fold lower affinity for GGCX.^[@b16-1052164]^ Results from our cell-based study show that this replacement does not show an obvious effect on reporter-protein carboxylation ([Figure 3D](#f3-1052164){ref-type="fig"}). However, when we exchanged the propeptide sequence between −5 and −9 (FX/PC2) ([Figure 3](#f3-1052164){ref-type="fig"}), reporter-protein carboxylation was increased approximately 3-fold. Further replacement of FX propeptide between −5 and −18 with that of PC (FX/PC3) ([Figure 3](#f3-1052164){ref-type="fig"}), increased reporter-protein carboxylation approximately 6-fold, a level similar to the full-length propeptide of PC ([Figure 3D](#f3-1052164){ref-type="fig"}). These results suggest that the entire N-terminal sequence of the propeptide (−5 to −18) determines the carboxylation efficiency of coagulation factors, which is consistent with previous observations.^[@b13-1052164]^

Effect of naturally occurring propeptide mutations on coagulation factor carboxylation
--------------------------------------------------------------------------------------

Naturally occurring mutations have been identified at positions −1, −4, −9 and −10^[@b25-1052164]--[@b30-1052164]^ in the propeptide of coagulation factors. Patients bearing mutations at positions −9 and −10 of FIX propeptide possess near-normal levels of active FIX; but, these levels are reduced to \<1% of normal during anticoagulation therapy (referred to as warfarin hypersensitivity).^[@b27-1052164],[@b28-1052164],[@b31-1052164]--[@b33-1052164]^ Meanwhile, other VKD clotting factor levels only decreased to 30-40%. To examine the effect of these mutations on coagulation factor carboxylation in a cellular milieu, we introduced these mutations to FIX propeptide in our reporter-protein for cell-based functional study. Our results show that, despite significant differences in GGCX affinity *in vitro*,^[@b25-1052164]^ these mutations have only a moderate effect on reporter-protein carboxylation in a cellular environment ([Figure 4A](#f4-1052164){ref-type="fig"}), which is consistent with clinical observations of patients bearing these mutations that have near-normal levels of active FIX.

![Effect of naturally occurring propeptide mutations on reporter-protein carboxylation. (A) Carboxylation efficiency of the chimeric reporter-protein with wild-type factor IX (FIX) propeptide or with its naturally occurring mutations N-9K, A-10T, and A-10V. The wild-type and corresponding mutant reporter-proteins were transiently expressed in HEK293 cells and the carboxylated reporter-protein was determined by ELISA, as described in the legend to [Figure 1C](#f1-1052164){ref-type="fig"}. (B) Warfarin titration of reporter-protein carboxylation as directed by FIX propeptide with naturally occurring mutations at positions −9 and −10. The wild-type and corresponding mutant reporter-proteins were stably expressed in HEK293 cells. The corresponding reporter cells were cultured in complete medium containing 20 nM vitamin K with increasing concentrations of warfarin. (C) Inhibition efficiency of warfarin on the carboxylation of mutant reporter-proteins. The half-maximal inhibition concentration (IC~50~) of warfarin was determined from (B) using GraphPad software. (D) Effect of vitamin K concentration on reporter-protein carboxylation. HEK 293 cells stably expressing wild-type and corresponding mutant reporter-proteins were cultured with complete medium containing increasing concentrations of vitamin K. The efficiency of reporter-protein carboxylation was determined by ELISA and the half-maximal effective concentration (EC~50~) of vitamin K was determined using GraphPad software.](1052164.fig4){#f4-1052164}

To clarify the warfarin hypersensitivity phenotype during anticoagulation therapy of patients carrying these mutations, we examined the response of the mutant reporter-proteins' carboxylation to increasing concentrations of warfarin. We stably expressed the individual mutant or wild-type reporter-protein in HEK293 cells and examined their carboxylation efficiency under different warfarin or vitamin K concentrations. Results showed that, compared with the wild-type reporter-protein, the N-9K mutant has a moderate effect on warfarin inhibition, while the warfarin response curve of the A-10T and A-10V mutants significantly shifts to lower concentrations of warfarin ([Figure 4B](#f4-1052164){ref-type="fig"}), suggesting that they are more sensitive to warfarin inhibition. The half-maximal inhibition concentration (IC~50~) of warfarin for the A-10T and A-10V mutants decreased 11.6-fold and 4.5-fold, respectively ([Figure 4C](#f4-1052164){ref-type="fig"}), which is consistent with a recent similar cell-based study.^[@b26-1052164]^ As warfarin blocks the vitamin K recycling, we also examined the effect of vitamin K on the carboxylation of these mutant reporter-proteins. We determined the half-maximal effective concentration (EC~50~) of vitamin K for the carboxylation of these mutant reporter-proteins. Compared to the wild-type reporter-protein, the A-10T and A-10V mutants required a significantly higher concentration of vitamin K (5.8-fold and 2.9-fold, respectively) to achieve half-maximal carboxylation ([Figure 4D](#f4-1052164){ref-type="fig"}). Together, these results suggest that mutations at −9 and −10 of the propeptide are more sensitive to warfarin inhibition.

Naturally occurring mutations at position −4 and −1 of the propeptide preclude post-translational cleavage of the propeptide, resulting in secretion of the pro-coagulation factor with its propeptide still attached.^[@b29-1052164],[@b30-1052164],[@b34-1052164],[@b35-1052164]^ To examine the effect of these mutations on carboxylation, we mutated R-1 (R-1S) or R-4 (R-4Q) of the propeptide in our reporter-protein and transiently expressed them in HEK293 cells. Transfected cells were cultured with vitamin K. However, we were unable to detect reporter-protein carboxylation using ELISA (*data not shown*). This could be due to the un-cleaved propeptide which prevents the recognition of the carboxylated Gla domain by the conformational specific antibody, as observed previously.^[@b29-1052164]^ To test this hypothesis, we examined reporter-protein carboxylation from cell culture medium using western blot analysis with an antibody that recognizes Gla residues. Our result shows that, compared to the wild-type reporter-protein, the R-1S and R-4Q mutants appear to be properly carboxylated, but migrate slower ([Figure 5](#f5-1052164){ref-type="fig"}). This suggests that mutations at −1 and −4 do not affect reporter-protein carboxylation but prevent the cleavage of the propeptide, in agreement with previous observations.^[@b29-1052164],[@b30-1052164],[@b34-1052164]^

![Effect of naturally occurring propeptide mutations at positions −1 and −4 on reporter-protein carboxylation. Wild-type and −1 and −4 mutant reporter-proteins were transiently expressed in HEK293 cells; the transfected cells were cultured with a serum-free medium containing 11 μM vitamin K (Vit. K) or 5 μM warfarin (Warfarin). The cell culture medium was collected 48 hours post-transfection and loaded to SDS-PAGE for Western blot analysis. Carboxylated protein bands were probed by a mouse monoclonal antibody that recognizes Gla residues.](1052164.fig5){#f5-1052164}

Contribution of other sequences of coagulation factor to vitamin K-dependent carboxylation
------------------------------------------------------------------------------------------

To test whether the Gla domain of the coagulation factor contributes to VKD carboxylation, we compared the carboxylation efficiency of the Gla domains of FIX (containing 12 Gla residues) and PC (containing 9 Gla residues) in our chimeric reporter-protein ([Figure 6A](#f6-1052164){ref-type="fig"}). These reporter-proteins were transiently expressed in HEK293 cells, and their carboxylation efficiency was examined by ELISA using antibodies that specifically recognize the corresponding carboxylated Gla domains. Both reporter-proteins can be efficiently carboxylated to a similar level ([Figure 6C](#f6-1052164){ref-type="fig"}). Together with previous observations,^[@b7-1052164],[@b13-1052164]^ this suggests that the Gla domain of the coagulation factor contributes very little to GGCX binding and substrate carboxylation, and that the propeptide is sufficient to direct the following Gla domain of coagulation factors to GGCX for carboxylation.^[@b36-1052164]^

![Effect of coagulation factor's Gla domain and bone Gla protein (BGP) propeptide on reporter-protein carboxylation. (A) Domain structure of the chimeric reporter-protein of protein C (PC) with different Gla domains. (B) Domain structure of BGP-PC chimeric reporter-protein with and without the BGP propeptide. (C) Carboxylation efficiency of the chimeric reporter-proteins factor IX gla-protein C (FIXgla-PC) and PCgla-PC. The corresponding reporter-protein was transiently expressed in HEK293 cells and the carboxylation efficiency of the reporter-protein was determined, as in B. (D) Carboxylation efficiency of the chimeric reporter-proteins in (B).](1052164.fig6){#f6-1052164}

It should be noted that BGP propeptide has an undetectable affinity to GGCX *in vitro*,^[@b16-1052164]^ which has been suggested to be unnecessary for BGP carboxylation.^[@b14-1052164],[@b15-1052164]^ To test this hypothesis, we removed BGP propeptide in the chimeric reporter-protein BGP-PC ([Figure 6B](#f6-1052164){ref-type="fig"}), as previously described in the coagulation factor study.^[@b7-1052164]^ Our result from the cell-based study showed that the removal of BGP propeptide significantly decreased (10-fold) reporter-protein carboxylation ([Figure 6D](#f6-1052164){ref-type="fig"}), suggesting that BGP propeptide plays an essential role in BGP carboxylation, which differs from *in vitro* studies.^[@b14-1052164],[@b15-1052164]^

To examine the effect of coagulation factor's remaining domains on its carboxylation, we used chimeric reporter-proteins of FIX with its EGF and following domains replaced by different cell organelle marker proteins, including Sec61B for ER, Giantin for Golgi, and tissue factor for the plasma membrane. As controls, cell organelle marker proteins were fused to the N-terminal of the mCherry fluorescent protein. The cell organelle specific FIXgla chimeric reporter-proteins and the corresponding controls were transiently co-expressed in COS-7 cells. The transfected cells were cultured with vitamin K, and the carboxylated reporter-protein was immuno-stained with an antibody that specifically recognizes the carboxylated Gla domain of FIX. These reporter-proteins were properly carboxylated ([Figure 7](#f7-1052164){ref-type="fig"}, green image) and transported to the destined locations ([Figure 7](#f7-1052164){ref-type="fig"}, red image), supporting the view that the remaining domains of FIX do not affect its carboxylation.

![Localization of carboxylated factor IX (FIX)gla fused chimeric cell organelle marker proteins. FIXgla and mCherry (control) fused cell organelle marker proteins (Sec61B for ER, Giantin for Golgi, and tissue factor for Cell membrane) were transiently co-expressed in COS-7 cells. The transfected cells were cultured with 11 μM vitamin K. Forty-eight hours post transfection, cells were fixed with 4% paraformaldehyde and permeabilized with 0.20% Triton X-100. Carboxylated reporter-proteins (FIXgla) were immuno-stained with a mouse anti-carboxylated FIXgla monoclonal antibody as the primary antibody, and Alexa Fluor-488 conjugated donkey anti-mouse IgG as the secondary antibody (green image). mCherry fusion proteins (mCherry) were directly visualized as a fluorescent protein (red image), and the cell nucleus was stained by Hoechst 33342 (blue image).](1052164.fig7){#f7-1052164}

Discussion
==========

The aim of this study was to explore carboxylation of coagulation factors in a cellular environment in order to explain the clinical phenotypes of naturally occurring mutations in coagulation factors, as related to their carboxylation modifications. Previous studies have shown that the propeptide is essential for directing coagulation factor carboxylation.^[@b7-1052164],[@b13-1052164]^ Despite a significant variation in affinity, once the propeptide binds to GGCX, it has been proposed that it induces a conformational change in the GGCX active site that stimulates carboxylation of its substrate to a similar extent.^[@b23-1052164]^ The *in vitro* study shows that the carboxylation rate is much faster than the rate of product release,^[@b37-1052164]^ and the release of the carboxylated product from GGCX can be detected in coagulation factors with a lower affinity propeptide but not with a higher affinity propeptide.^[@b38-1052164]^ Therefore, it was hypothesized that exchanging the higher affinity propeptide with a reduced affinity propeptide would enhance coagulation factor carboxylation by allowing for a higher substrate turnover. For example, it has been shown that substituting FX propeptide with a lower affinity propeptide (PT propeptide) significantly increased FX carboxylation.^[@b17-1052164]^ However, it is not clear why this hypothesis applies to carboxylation of FX^[@b17-1052164]^ but not to that of FIX.^[@b18-1052164]^

Results from this study show that FIX propeptide is the most efficient propeptide for directing coagulation factor carboxylation and that the propeptide with either a higher (FX propeptide) or lower (PC propeptide) affinity has a reduced carboxylation efficiency ([Figure 1](#f1-1052164){ref-type="fig"}). The affinity of FIX propeptide is approximately 8-fold lower than that of FX and is approximately 4-fold higher than that of PC.^[@b16-1052164],[@b23-1052164]^ The efficiency of FX propeptide to direct reporter protein carboxylation is only approximately 10% of that of FIX. This result suggests that the affinity of FIX propeptide for GGCX is optimal, as it balances the rate of carboxylation and product releasing. This explains why the propeptide exchanging strategy increased carboxylation of FX but not that of FIX.^[@b17-1052164],[@b18-1052164]^

It has been proposed that the propeptide contains two recognition elements: one for GGCX recognition (located towards the N-terminus) and one for propeptidase recognition (located near the C-terminus). For GGCX recognition, it appears that only a few conserved residues are essential for GGCX binding.^[@b25-1052164],[@b39-1052164]^ Several naturally occurring mutations have been identified in the GGCX recognition region of FIX propeptide. These mutations are clinically silent in normal conditions, but selectively decrease FIX activity dramatically during warfarin therapy, which could cause life-threatening bleeding complications.^[@b27-1052164]^ To explore the role of the propeptide on coagulation factor carboxylation and the clinical consequence of mutations in the propeptide, we examined these questions using our recently established cell-based assays.^[@b40-1052164]^ Unlike previous *in vitro* studies, our results show that the entire N-terminal sequence of the propeptide, rather than a few conserved residues, determines the carboxylation efficiency of coagulation factors ([Figure 3](#f3-1052164){ref-type="fig"}). This explains why the essential residues for GGCX binding in the propeptide of all coagulation factors are highly conserved, while the affinity of the propeptides for GGCX varies over 100-fold.^[@b16-1052164]^

Our results also show that mutations in FIX propeptide have a moderate effect on reporter-protein carboxylation at a higher vitamin K concentration ([Figure 4A](#f4-1052164){ref-type="fig"}), but a significant effect on warfarin sensitivity ([Figure 4B and C](#f4-1052164){ref-type="fig"}), which is consistent with the clinical phenotype of warfarin hypersensitivity in patients bearing these mutations during anticoagulation therapy.

The C-terminus of the propeptide is thought to be the propeptidase recognition site, essential for the propeptide cleavage to form mature coagulation factors.^[@b13-1052164]^ Naturally occurring mutations were found in this region at positions −4 and −1. Patients carrying these mutations in FIX have a bleeding diathesis and have a propeptide attached FIX (proFIX) detected in their plasma.^[@b30-1052164]^ This proFIX loses lipid binding ability and has no coagulation activity.^[@b41-1052164]^ Our results show that mutations at −4 and −1 do not affect reporter-protein carboxylation, although the propeptide is still attached to the carboxylated protein ([Figure 5](#f5-1052164){ref-type="fig"}). These mutant proteins cannot be recognized by a calcium-dependent conformational specific antibody, suggesting a loss of function.^[@b41-1052164]^ However, contradictory results exist on whether these mutations affect FIX carboxylation. It has been shown that proFIX purified from hemophilia patients, carrying mutations at −4, is properly carboxylated,^[@b30-1052164],[@b34-1052164]^ others have shown that proFIX with a mutation at −4 in a hemophilia patient is only partially carboxylated.^[@b35-1052164]^ This discrepancy may result from the different approaches used in determining the extent of carboxylation. Nevertheless, it has been confirmed that these mutations interfere with propeptide cleavage, and therefore affect the function of FIX (mainly by destabilizing the calcium-binding conformation),^[@b34-1052164]^ impair FIX binding to the lipid membrane, and affect FIX activity for coagulation.^[@b29-1052164],[@b41-1052164]^

In contrast to numerous studies which indicate that the propeptide of BGP is not required for GGCX binding and its carboxylation,^[@b14-1052164]--[@b16-1052164]^ results from this study show that the removal of BGP propeptide dramatically decreased BGP carboxylation ([Figure 6D](#f6-1052164){ref-type="fig"}). This result is consistent with previous studies showing that a non-covalently attached propeptide stimulates BGP carboxylation and a covalently attached propeptide directs complete carboxylation of BGP.^[@b42-1052164],[@b43-1052164]^ In addition, consistent with previous studies, our results show that BGP propeptide cannot direct coagulation factor carboxylation ([Figures 1B](#f1-1052164){ref-type="fig"} and [2](#f2-1052164){ref-type="fig"}). Together, these results suggest that BGP may have a different mechanism for carboxylation than coagulation factors. This supports observations that vitamin K intake affects the carboxylation of coagulation factors and of BGP in different ways.^[@b44-1052164]--[@b47-1052164]^ Further studies are ongoing to clarify the mechanistic differences in the carboxylation of a variety of VKD proteins. Results from these studies will continue to provide insights into efficiently controlling one physiological process without affecting the other.
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